A simple method for investigating the relation between intrinsic viscosity and molecular weights of vinyl polymers is described. Unbranched polystyrene is found to obey Houwink's law with an exponent of 0*65. Equations are given for calculating the number average degree of polymerization and molecular weight distribution in unfractionated polymers. It is pointed out that a method is now available for the preparation of polymers with known molecular weights and distribution. The absolute value of the velocity constant for the transfer reaction between styrene and carbon tetrachloride at 60° C is calculated.
It has been realized for many years that viscosity measurements would provide the simplest method for determining the molecular weights of polymers, if the relation between molecular weight and viscosity could be unequivocally established. Although this work suggests that in general the Houwink law applies with an exponent of approximately § (a value obtained theoretically by Haller (1931)), the method is open to several objections. First, it is impossible to obtain completely homogeneous polymers. The comparison of viscometric and osmotic data for in homogeneous polymers of unknown distribution is of dubious significance, since the viscosity and osmotic pressure are mainly determined by the numbers of molecules a t opposite ends of the distribution curve. This applies with special force, since in many cases the fractionation has not been carried out with sufficient care (compare Flory 1943) . Secondly, the polymers have generally been prepared by almost com plete polymerization of the monomers. Branched molecules would thus be formed (Flory 1937 ) and these would not be expected to obey the same viscosity law as linear molecules. No such objection would apply to natural high polymers, and from table 1 these appear to obey the Houwink law with = §. The only serious deviation occurs with polystyrene, which was prepared under conditions which would lead to extensive branching. The preparation of quantities of unbranched polymer sufficiently large for fractionation would be inconvenient. Finally, the method is very tedious and time-consuming, and the interpretation of therm o dynamic measurements on polymers is still not beyond question. I t became im portant in another connexion to establish the relation between intrinsic viscosity and molecular weight of vinyl polymers, and so we considered it desirable to develop an alternative and independent method for testing equation (2) and determining the values of the constants.
M e t h o d
Mayo (1943) established that, when vinyl polymerization takes place in a solvent, the later participates in chain transfer. The effect is large for solvents containing halogen, and by carrying out the polymerization a t various dilutions polymers of widely differing molecular weights may thus be obtained. Further, it is possible to calculate both the number and viscosity averages of the polymers in terms of the velocity constants, since the kinetics of such reactions are now well established. The kinetic scheme using the notation of the previous paper is given below for the uncatalyzed reaction. initiation propagation Studies in polymerization. I I 331
transfer with monomer transfer with solvent (S) termination As usual, it is assumed th a t all radicals have the same reactivity. Following the method of the previous paper, the number average degree of polymerization is found to be given by î
where < 
Conversely, if this equation holds experimentally, equation (4) must be obeyed, and the value of a can be found without any additional assumptions.
To determine K ', the number average must be found for one polymer. Kharasch, Jensen & Urry (1945) have shown th a t when olefines in dilute carbon tetrachloride solution are treated with peroxide catalysts, the reactions shown below occur. The final product (II) is obtained in good yield. These reactions are equivalent to a polymerization in solution in which transfer with solvent occurs to such an extent th a t the degree of polymerization is unity. Presumably therefore when a polymeriza tion is carried out in carbon tetrachloride, each polymer molecule will contain four atoms of chlorine (apart from the fraction formed without intervention of solvent which will be very small if the molecular weight is low), since the reaction differs from the simple addition only in th at the intermediate radical (I) grows before reacting with solvent. Estimation of the chlorine content of such a polymer thus provides an unobjectionable method of determining the number average molecular Weight' (RCOO)2 2 R-+ 2 C 0 2 jR-+ CC14-* jRC1 + -CC13 I I C=C +*CC 13-
(II) E x p e r im e n t a l Styrene was purified by shaking with aqueous alkali, drying over calcium chloride and distillation, all operations being carried out in an atmosphere of nitrogen. Carbon tetrachloride was purified by distillation through an efficient column. Measured volumes of the liquids were mixed in nitrogen-filled glass bulbs which were then sealed and heated in a thermostat a t 60° C until about 5 % of the styrene had been polymerized. The polymers were isolated either by precipitation with a large excess of methanol, or by vacuum distillation. Similar results were obtained by both methods.
I t is important for this work th at polymerization should only proceed to a small extent, since the kinetics are calculated on this assumption. Moreover, a t high conversions the velocity constants may be affected (cf. Trommsdorff 1944) .
Intrinsic viscosities were measured in toluene a t 25° C using an Ostwald No. 1 viscometer, and extrapolated to zero concentration by the method of Schulz & Sing (1943) . The concentrations are expressed in base g.mol./l.
From equation (5) approximately, higher terms in the expansion being negligible in the present case.
Since the second term on the right in (6) is much smaller than the can be calculated sufficiently accurately by using an approximate value of a found by fitting equation (5) empirically. The exact value of a is then found by plotting against log<f>.
Results are given in figure 1, the approximate value of a used being §. The observed points lie within experimental error on a straight line of slope 0*65, and cover a range of molecular weights of over 200:1. The polymers were derived from three independent experiments. I t is, however, interesting th at the results of table 2 alone are sufficient to invalidate the Staudinger law. They are best fitted by the Houwink equation (2) 
Studies in
proposed by Carter, Scott & Magat (1946) , where A and B are constants. Even the latter law, which is much better than the former, cannot be fitted to the experi mental results without discrepancies of the order of 20 % appearing. It will be shown in the theoretical section th at the validity of equation (7) for unfractionated polymers implies that, for homogeneous polymers,
[7/] = 3-04 x IO-3J / 0'65.
In Numerous other workers have attempted to correlate osmotic pressure and cryoscopic measurements of polystyrene with viscosity data, notably Alfrey, Bartovics & Mark (1943) , Abere, Goldfinger, Naidus & Mark (1945) , Staudinger & Schulz (1935) and Schulz & Husemann (1936 ,1937 N -nitroso-p-bromoacetanilide as catalyst, and estimated bromine in the polymer. However, it was assumed that only the bromophenyl radicals would start chains, whereas in fact acetate radicals would also do so to an unknown extent. They obtained a polymer with 4*33 % bromine, which on their assumption corresponds to a molecular weight of 1840. The value calculated from their viscosity figure using equation (7) 
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D is c u s s io n a n d c o n c l u sio n s (i) The Houwink law (2) has been confirmed for solutions of unbranched poly styrene in toluene. The constant a has the value 0*65, and K 3*04 x 10-3 for homo geneous polymers, while for unfractionated polymers formed by growth of single radical centres, K' -4*57 x 10-3. In the theoretical section it will be sho unfractionated polymers formed from double radicals, K" = 3*83 x 10-3.
(ii) The technique described is a very much simpler method of investigating the relation between viscosity and molecular weight than any used previously. It could obviously be extended to monomers which do not polymerize spontaneously by initiating the polymerization with catalyst or light. Moreover, it provides a way of obtaining reasonable quantities of polymers of known molecular weight and molecular weight distribution. 
When the polymer is prepared by a reaction of which the kinetics are known, it is possible to calculate p n. I f it is assumed that the reactivity of a radical is in dependent of its size, and that the radicals grow at one end only as in catalyzed polymerization, the probability £ that a centre will add monomer is the same at each step, and from the kinetic equations is given by s = V f < 1 6 ) The probability of an initial centre terminating after adding n molecules of monomer approximately. Thus the Houwink law is again obeyed with the same exponent, the constant K" in this case being given by
For polystyrene K" = 3*83 x 10-3.
(iii) Molecular weight distribution in unfractionated polymers From the preceding sections it will be seen th at the polymers prepared by thermal or photochemical polymerization should have different molecular weight distribu tions from those prepared catalytically. However, the effect is not large and may not be easy to detect experimentally. The effect on the total distribution curve should be greatest when equal weights of the two kinds of polymer are present. The distribu tions are given by where the gn' s are weight fractions. These equations are readily derived from and (25). Here /? is the ratio of the weights of the two polymers, and for polymers prepared by thermal initiation has the same significance as in the previous paper. In figure 2 the theoretical distribution curves are given for polystyrene prepared by thermal polymerization at about 130° C, where = 1 according to our measure ments. Curves I, II, III refer respectively to the initial, transfer and total polymer. Curve IV represents the distribution for a polymer of the same mean molecular weight prepared catalytically, and resembles curve III very closely. Note that the polymers prepared in the present work will contain some of the double-headed type and theoretically a small correction should be made to (5). However, it is easily shown that the correction is negligible.
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